That there could be a link between paralysis in the hind limbs of Australian crickets and a novel mechanism of translation initiation may seem surprising, but such is the nature of some recent progress in this field. This work concerns the mode of action of so-called internal ribosome entry sites in directing translation of eukaryotic mRNAs. The idea that eukaryotic ribosomes can, under appropriate conditions, initiate 5′ cap-independent translation at internal sites on a mRNA emerged just over ten years ago from studies of human viruses [1, 2] . This alternative to the usual 5′ capmediated initiation pathway used by most cellular mRNAs is now known to occur on both viral and cellular mRNAs [3, 4] . Internal ribosome entry sites come in a number of shapes and sizes, with readily identifiable classes in viruses and more structurally diverse versions in cellular mRNAs. Irrespective of the type of internal ribosome entry site studied, until recently it was assumed that the events downstream of recognition of an internal ribosome entry site ultimately follow a common process of initiation tRNAdependent polypeptide initiation, with some variation in the requirement for cellular translation factors.
Recent work on insect virus RNAs [5] [6] [7] , however, has revealed that even the principle of AUG-specific initiation of translation is subject to exceptions. It has been known for some time that a certain degree of variation in the requirement for AUG as a start codon is accepted by the translation apparatus, with codons deviating from AUG at one of the three nucleotide positions -for example, CUG or ACG -serving as incompletely cognate binding partners for initiation tRNA (tRNA i Met ) in a number of genes [8] [9] [10] [11] [12] . Yet it now seems that RNAs of at least some of the insect picorna-like viruses support initiation on AUG-unrelated codons, such as CAA and GCU.
The new work should be seen in the context of the major translation initiation pathway, which is followed by the vast majority of cellular mRNAs. The standard route taken by eukaryotic ribosomes to the start codon relies on the involvement of a whole host of initiation factorsthe eIFs [13] . The mechanistic details of this process are not clear, but we have some understanding of the factor requirements for each step. Broadly speaking, association of 40S ribosomal subunits with the 5′ end of a mRNA is mediated by the eIF4 and eIF3 groups of factors, while the eIF1 group factors are needed to promote the 'scanning' step, in which 40S ribosomal subunits search the mRNA leader sequence for a start codon. Recognition of the start codon depends normally on the ternary complex tRNA i
Met -eIF2-GTP, and subsequent joining of the 60S ribosome subunit to the 40S subunit involves the eIF5 group factors. Translation initiation at internal ribosome entry sites has different requirements. For example, picornavirus internal ribosome entry sites do not need eIF1, eIF1A or the cap-binding protein eIF4E [14] . The internal ribosome entry sites of hepatitis C virus and classical swine virus have minimal requirements -just tRNA i
Met -eIF2-GTP and eIF3 to recruit the 40S and 60S ribosomal subunits [15] .
The starting point for the latest episode in the saga of internal translation initiation was the discovery of a novel type of genome organisation in a group of insect RNA viruses, the cricket paralysis-like viruses [7, [16] [17] [18] [19] [20] (Figure 1a ). This organisation differs markedly from that of the related human picornaviruses, which have a single open reading frame encoding a polyprotein that is processed posttranslationally to generate structural proteins and non-structural proteins. The cricket paralysis-like viruses have dicistronic RNA genomes, with the two open reading frames encoding non-structural (ORF1) and structural (ORF2) proteins. The production rate is much higher for the ORF2 products than the ORF1 products [21] . This differential expression is made possible by the existence of independent translation initiation sites, one for each of the two open reading frames [5, 7, 17, 22] . No subgenomic RNA segments are detectable, so differences in the level of RNAs for the two open reading frames are unlikely to play a part in the differential rate of protein synthesis.
Earlier work on other internal ribosome entry sites gave no reason to expect that the initiation of ORF2 translation would have any unusual mechanistic properties. Evidence that this type of system is exceptional came when the ORF2-encoded capsid protein of Plautia stali intestine virus was found to be synthesised via a cap-independent initiation process that yielded a product bearing a CAAencoded glutamine residue at the amino terminus [5] . The first amino acid of the capsid proteins in the other viruses of this group also varies from the usual methionine, being either glutamine or alanine [18, 19, 23] . At this point, the lack of a suitable in-frame AUG-related codon in the intergenic region had pointed to the possible operation of some as yet unknown initiation mechanism. This idea was reinforced by the observation that, in the absence of the intact internal ribosome entry site, ribosomes did not recognise the normal capsid protein start site in Plautia stali intestine virus [5] . The stage was finally set for progress towards characterisation of the mechanism of non-AUG-dependent translation.
Computer-aided analysis of the secondary structures that could potentially be adopted by the Plautia stali intestine virus RNA sequence predicted formation of a pseudoknot involving the final stem-loop in an intergenic internal ribosome entry site structure and nucleotides immediately upstream of the capsid protein open reading frame [5] . The results of mutational analysis were consistent with the existence of the predicted stem-loop structure and of the predicted base-pairing between the loop and the region -5 to -1 relative to the putative Plautia stali intestine virus capsid protein start codon, CAA [6] (see Figure 1b) . There is also evidence of equivalent pseudoknot structures in the genomic RNAs of Rhopalosiphum padi virus and cricket paralysis-like viruses [7, 22, 23] .
These and the earlier results did not, however, rule out the possibility that methionine is initially incorporated by virtue of a non-cognate ribosomal interaction with tRNA i Met , only to be cleaved off subsequently by an aminopeptidase to leave the observed amino-terminal amino acid of the capsid protein. Sasaki and Nakashima [6] examined this using a number of constructs based on the Plautia stali intestine virus genome, designed to test the potential involvement of methionine. In doing so, the authors obtained further evidence for the direct incorporation of CAA-encoded glutamine as the first amino acid of the encoded protein. Moreover, substitution of the -1 codon CUU by UAG did not interfere with capsid protein synthesis, supporting the hypothesis that initiation involves tRNA recognition at the CAA codon.
The more recent work of Sarnow's group [23] suggests that a parallel situation applies in cricket paralysis-like viruses, in which a GCU codon encodes the amino-terminal alanine residue of this virus's coat protein. From their analyses of the Plautia stali intestine virus RNA and the encoded capsid protein, Nakashima's group [6] proposed a mechanism for methionine-independent initiation, in which the secondary structure of the internal ribosome entry site helps position the ribosome at the CAA start site, with the pseudoknot in the P-site (Figure 1b) . The complementary study of cricket paralysis-like virus by Sarnow and colleagues [23] provides more support for this idea, as well as adding further insight into the possible mechanism.
Sarnow and colleagues [23] used the 'toeprinting' technique to follow the interactions of ribosomal subunits with cricket paralysis-like virus RNA. This method relies on the ability of RNA-bound ribosomes to block cDNA synthesis initiated from a DNA primer annealed to the RNA downstream of the ribosome binding site [24] . This analysis showed that, unlike the previously studied internal ribosome entry sites, that of cricket paralysis-like virus RNA binds 40S (and 80S) ribosomes in the absence of translation initiation factors or tRNA i
Met . This is reminiscent of the ability of 'naked' prokaryotic 30S ribosomal subunits to bind to internal translation initiation regions on bacterial mRNAs [25] . Using inhibitors that interfere with early steps in standard AUG-directed initiation, Sarnow and colleagues [23] obtained evidence consistent with binding to the ribosome A-site of the codon encoding the first capsid protein amino acid (GCU in cricket paralysis-like viruses). The model proposed on the basis of these data envisages binding to the A-site of tRNA Ala complexed to elongation factor 1 and GTP, followed by a special translocation event which moves the tRNA Ala into the P-site, replacing the pseudoknot.
There are more general implications of these findings that give food for thought. The case of cricket paralysis-like virus illustrates a third type of pathway for translational initiation directed by an internal ribosome entry site, and we should be aware of the possibility that there exist even Non-structural Structural IRES further variations on this theme. Similarly, it is widely assumed that cap-dependent initiation is tightly defined (and inflexible) in mechanistic terms. Yet even here, there may be unexpected variations, perhaps as a function of the temporal and spatial history of mRNA after its export to the cytoplasm [26] . The fact that the translation initiation rulebook will have to be rewritten yet again provides a stimulus to reassess the molecular basis of translationstart-site recognition by the ribosome. For example, can translation initiation be promoted by any structure that mimics peptidyl-tRNA and can be stably maintained in the ribosome P (or A) site?
A last consideration is whether the observations discussed are special cases of a more widespread phenomenon? Perhaps eukaryotic genomes encode RNAs with previously undetected, and possibly weaker, versions of this type of internal ribosome entry site. If so, these could theoretically generate a new range of as yet uncharacterised polypeptides that have been initiated at non-orthodox sites [23] . Future work will undoubtedly uncover further molecular details of the cricket paralysis-like virus initiation pathway and also reveal whether it has more general significance.
